Temper embrittlement and hydrogen embrittlement have been studied through systematic changes in composition of HY 130 steel using Charpy V-notch impact specimens and modified wedge-opening loaded specimens aged at 480 °C for 0 to 1 000 h. The results have shown that the threshold stress intensity for hydrogen-induced cracking decreases and the fracture appearance transition temperature increases as the impurity concentration increases at the grain boundaries with ageing time, and that an addition of 0.30 % AI and an elimination of Si, Mn, N and P in the HY 130 steel results in almost complete resistance to temper embrittlement and to hydrogen embrittlement.
I. Introduction
Brittle fracture of steel can be induced by the segregation of impurities or hydrogen. Impurities segregate to grain boundaries during heat treatment or high temperature service; on the other hand, absorbed hydrogen segi egates to regions of high lattice expansion due to an applied tensile stress.
Porter et al. ' °~ studied the temper embrittlement of HY 130 steel due to a stress relief treatment and showed the embrittling effects of Mn and P; however, they could not produce as great an improvement in the resistance to embrittlement in production heats of HY 130 steel as that predicted by the statistical analysis of the laboratory heats due to the existence of excess free N.
Cabral et al.7~ first showed that the threshold stress of a Ni-Cr steel in an H2SO4 solution decreased significantly when a tempered steel was aged so as to render it temper-embrittled.
Later, Yoshino and McMahon8~ showed that temper embrittlement of a production heat of HY 130 steel (by step cooling) lowered drastically the threshold stress intensity for crack growth in an H2SO4 solution and changed the mode of cracking from mostly transgranular to completely intergranular. They interpreted their results due to an interaction between hydrogen embrittlement and impurity segregation at grain boundaries.
Later, modified wedge-opening loaded specimens of the same heat of HY 130 steel were tested at fixed displacement in hydrogen gas by Briant et al.s~ The gaseous environment was used instead of an aqueous solution to avoid uncertainties about surface-controlled reactions and the influence of variations in the electrochemical conditions within a crack. They studied the effect of temper embrittlement and hydrogen cracking behavior with various grain boundary impurity concentrations by isothermal ageing at 480 °C for 0 to 1 000 h .
In order to elucidate further this interaction between hydrogen and impurities, several laboratory and production heats of HY 130 steel have been studied with regard to the effects of systematic changes in composition on the susceptibility to embrittlement induced by impurities and hydrogen. Mabuchi and McMahon4~ have previously shown that segregated impurities at grain boundaries contribute both to temper embrittlement and to hydrogen embrittlement in HY 130 steel and also have first found that an addition of 0.30 % Al and a removal of Si and Mn from HY 130 steel result in almost complete resistance to these kinds of embrittlement. The mechanism of the above results is discussed with regard to solute interactions in steel using full data in the present study.
II. Experimental Procedure
The compositions of the HY 130 steel used in this study are given in Table 1 . Heat D is a production heat of HY 130 steel and the others are all laboratory heats. A special chemical analysis was carried out, as shown in Table 2 , to check the residual (tramp) elements in heat D. Heats C to E have essentially the same composition except for Al content. The Si was removed from heat B, and both the Si and Mn were removed from heat A. The Al content of heats A to C is around 0.3 %, but that of heats D and E is only around 0.025 %. Heat D contains 110 ppm N (due to the electric furnace process), but it appears that special care was taken to decrease other residual elements •b0) Samples were austenitized at 1 000 °C for 2 h. The prior austenite grain size was ASTM No. 5. Charpy bars were then oil quenched ; modified wedgeopening-loaded (WOL) samples were water quenched. They were tempered at 625 °C for 2 h, and then water cooled. The resulting hardness was R~ = 34.5 ± 1.4.
Some specimens of the steels were isothermally aged at 480 °C for times up to 1 000 h to determine the susceptibility to temper embrittlement and to hydrogen embrittlement.
Charpy V-notch (CVN) impact tests were carried out at various temperatures for specimens in the asquenched and tempered (as QT) condition and in the aged condition. The toughness of each heat was characterized by the absorbed energy at the upper shelf (Es) and by the 50 % Ductile-Brittle Fracture Appearance Transition Temperature (FATT) by means of the full Charpy transition curves. Some Charpy tests were carried out at temperatures above 100 °C using silicon oil or salt baths. In these cases, rapid oxidation of the fracture surface precluded an accurate determination of the percent brittle fracture. Hence, the 50 % fracture appearance transition temperature could not always be determined accurately. Therefore, the DBTT was defined as the temperature corresponding to a fracture energy equal to 50 % of the absorbed energy at the upper shelf (Es). This was found to correlate closely with the FATT in specimens tested at lower temperatures.
The susceptibility of the steels to hydrogen embrittlement after various ageing times was measured by precracked bolt-loaded, modified lT-WOL specimens.'~ Shallow semicircular side-grooves with a depth of 1.27 mm were used to restrict crack growth to the desired plane of the specimen. The load was measured by a bolt-and-tup arrangement with strain gauges mounted on the side faces of the tup. Fatigue pre-cracking was done by cyclic loading after the electric discharge machining of a narrow U -slot.
The hydrogen tests were performed at 23±0.5 °C in a stainless steel chamber, previously evacuated to a pressure < 10-5 torr, and then backfilled to the pressure of 110.3 ± 1.7 X 10-3 MPa with high purity hydrogen gasp which had been passed through a liquid nitrogen cold trap.
The stress intensity value was determined from the measurement of the load at a fixed displacement using a calibration of the compliance of the specimen as a function of crack length with the equation by Novak and Rolfe. 1 The fracture surfaces of CVN and WOL specimens were observed by scanning electron microscopy (SEM) to determine the mode of fracture. Circumferentially notched 3.68 mm diameter samples made from tested WOLs were fractured in a vacuum of < 10-10 torr at -100 °C , and the fracture surfaces were then analyzed by Auger electron spectroscopy (AES) in order to obtain data on impurity segregation at grain boundaries. Table 3 shows the hardness as a function of ageing time. Hardness can be eliminated as a factor in the temper embrittlement susceptibility in this study since almost no change of hardness was seen with ageing time except for heat C.
III. Experimental Results

Temper Embrittlement
The transition curves from the CVN tests for the five heats are shown in Figs. 1 and 2 for samples as QT and aged at 480 °C for 1 000 h. The summary of FATT in CVN tests is also listed in Table 4 . Heat A showed the lowest FATT and the highest Es both as QT and after ageing. Heat C showed the highest FATT and the lowest Es as QT, but heat D showed the highest FATT after ageing. The Es after ageing is shown to be lower than the Es as QT in all cases, but the reduction was small in heats A and B.
The transition curves as QT and after ageing at 480 °C for 1 000 h for heats A to C are shown together in Fig. 1 to compare the effect of Si and Mn additions at the same Al content. As shown by previous investigators2,31 in various steels, an increase in Si and Mn deteriorates seriously the toughness parameters such as the FATT, the shift in FATT (dFATT) after ageing and the Es. The transition curve becomes steeper as the Si or Mn content decreases. In particular, it should be noted that heat A, which has no addition of Si or Mn, shows a 
JFATT of only 5 °C after ageing at 480 °C for 1 000 h. Photograph 1 shows the brittle fracture mode of all five heats after ageing at 480 °C for 1 000 h. The brittle fracture in heats A and B after ageing was completely cleavage as shown in Photos. 1(a) and (b), while the brittle fracture in heats C to E after ageing was at least partly intergranular, as shown in Photos. 1(c) to (e). The intergranular fracture of heats D and E after ageing may have also occurred along fine bainite (a') grain boundaries. On the other hand, the intergranular fracture of heat C after ageing occurred only along coarse prior-austenite (r) grain boundaries.
The transition curves as QT and after ageing at 480 °C for 1 000 h for heats C to E are shown together in Fig. 2 to compare the effect of an Al addition at the same contents of Si and Mn. Heat C with the high Al and low N content showed the highest FATT as QT, but showed the lowest FATT after ageing; hence it showed the smallest shift of FATT. On the other hand, the Es of the low Al heats including the production heat D is shown to be higher than that of the high Al heat for both heat treatments as QT and after ageing, although the S content of the former is about two times higher than that of the latter.
It is also important to note that the shift of the FATT in the low Al heats was two-to-three times larger than that of the high Al heat as shown in Table 4 
Transactions ISIJ, Vol. 22, 1982 first increased very rapidly with ageing time and then decreased at the same time as an accumulation of the segregated Si. This could be due to the high difi'usivity of P, followed by site competition with Si and/ or a repulsive interaction between segregated Si and P as discussed later. Figure 4 shows examples of Auger spectra6) of an aged sample in heat D before and after argon ion sputtering, in which Ni and C are also found to be segregated at the grain boundaries. The interaction of Ni and C with other elements and their segregation at grain boundaries will be also discussed later. Figure 5 shows the correlation of the FATT as QT and after ageing at 480 °C for 1 000 h with the contents of Si and Mn. For the high Al heats, the variation in the FATT both as QT and after ageing correlated well with the increase in amounts of Si+ Mn. It is interesting to note that the FATT as QT of the low Al heats showed a negative deviation from the trend line. This may be due to the following: A lot of Al in solution tends to promote upper bainite, which has less toughness than lower bainite, or highcarbon retained austenite; since Al raises the activity of C in ferrite-phase. Therefore, Al partitions ferritephase and in turn C partitions upper bainite or high-carbon retained austenite, respectively.9,15,20) It is also possible to consider that a steel containing excess Al, which can be combined with N as A1N, can have coarse AIN precipitates, small in number because of the Al partitioning in coarse proeutectoidferrite during the slow cooling of slabs and because of the Ostwald ripening mechanism.5,15,34) Another prediction can be due to the lack of age-hardening by NiAI precipitates, which is well known in Nitralloy Table 2 .
On the other hand, the content of residual elements in heat D, including P and Sn, is as low as that of the four laboratory heats as shown in Table 1 . Thus, N in addition to Si and Mn, appears to contribute to the large susceptibility to temper embrittlement of heat D.
The FATT after ageing of heat C was 20 °C lower than that of heat E, which had the same composition as heat C, except for the Al content, and the dFATT of heat C was only one-half of that of heat E.
Further investigation must be done to answer whether or not Al is beneficial itself as an inhibitor of segregating impurities or as a stabilizer of NiAI precipitates Summary of Auger data from heat D. (971) in improving toughness after long-time ageing. The former is considered to be more important than the latter, since the bulk concentration of Ni, which can enhance the cosegregation of Ni and Si,s~ is high enough to be consumed by Al in heat C and heat C had less intergranular fracture along the prior r grain boundaries, while heat E had almost completely intergranular fracture, as shown in Photo 1.
Hydrogen-induced Cracking
The threshold stress intensity KTh of all five heats of HY 130 steel is listed in Table 6 with ageing times up to 1 000 h at 480 °C. Multiple data entries show duplicated tests on the same sample or tests with different samples, and they show quite good coincidence.
Plots of crack velocity V as a function of stress intensity K in the conventional log V vs. K fashion are shown in Fig. 6 for heat C with various ageing times. The points represent the average crack velocity over intervals of several seconds, although the hydrogeninduced cracking proceeded in a stepwise fashion with discontinuous jumps. It was also observed that the crack growth rate had an extremely steep K dependence at K just above KTh, and that KTh decreased with increased ageing time for all five heats, as listed in Table 6 .
The variations of KTh with ageing time are shown for all heats in Fig. 7 . It is interesting to note that KTh decreases rapidly at short time ageing in all cases and that a slow decrease in KTh continues during long time ageing. A precipitous drop in KTh is seen in heats C to E after ageing for only 50 h and in heat B after ageing for 1 000 h. These large drops correspond to a change in the mode of hydrogen-induced cracking from transgranular cleavage to intergranular fracture, as shown in Photo. 2.
Photograph 2 shows the fracture mode of hydrogeninduced cracking of heats A, C and D aged at 480 °C for 0 and 1 000 h . It is interesting to note that the fracture mode changed from mixed transgranular brittle fracture to intergranular fracture with ageing time, except for heat A. It is also noted that the two types of transgranular brittle fracture were observed. One is seen at high K levels as shown in Photos. 2A(a), 2A(b) and 2C(a), while the other is seen at lower K levels as shown in Photo. 2B(a). The latter type of brittle fracture, which seems similar to the cleavage mode with river patterns in Charpy speci- Table 6 . Threshold stress intensity of HY 130 steel.
(MN • m-sit) mens fractured at low temperature but is called quasicleavage with striations, is seen near the threshold region of hydrogen-induced cracking, and the former type of brittle fracture is observed at the initial region of hydrogen-induced cracking in the same specimen. Complete intergranular fracture was found for all specimens which had KTh lower than 100 MN • m-312. The KTh of heats A to C for various ageing times is plotted against the Si+Mn concentrations (at the same Al content) in Fig. 8 . An increase in Si+ Mn is shown to reduce the KTh at all ageing times. The KTh of heat A decreased with ageing time, although a fracture mode change was not observed. It is clearly shown here that the KTh of heat B, to which Mn was added, decreased remarkably after ageing for 1 000 h, and that the KTh of heat C, to which Si and Mn were added, decreased significantly after ageing for only 50 h. This would indicate that cosegregation of Si and Mn, or mutual enhancement of their concentrations, has occurred at the grain boundaries in heat C.
The KTh of heats C, D and E is shown again in Fig. 9 (taken from Fig. 7 ) to compare the effect of Al and N at the same concentrations of Si and Mn. Heat C, containing high Al and low N, had the lowest KTh as QT, but it had the highest KTh after ageing for more than 200 h. On the other hand, heat E, containing low Al and low N, had the highest KTh as QT, but it had a lower KTh than heat C after ageing for more than 200 h. Heat D, containing low Al and high N, showed a high KTh as QT, but it had a very low KTh after ageing for only 50 h; at this point its KTh was only 60 % of that of the other two heats. These observations correspond well with the results of the temper embrittlement study as stated before.
The variation of the KTh of heat D with ageing time is shown in Fig. 10 , along with the data for the change in FATT. It is obvious that the KTh decreases very rapidly after a short ageing time, but its change is steeper than that of the FATT. The drop in the KTh at long-time ageing is slower than that of the FATT. This might mean that a rapidly segregating element, such as N or P, can almost fully decrease the KTh in hydrogen, but that it is necessary to await more segregation of Si and Mn to grain boundaries to get the full increase of the FATT in air. If it is assumed that K10 decreases with ageing time, as well as the FATT, then the effect of hydrogen appears to be moderated at long-time ageing, since the hydrogen enrichment factor is a function of hydrostatic stress as discussed later.
Iv. Discussion
The results of this study show that a production heat of HY 130 steel can be quite susceptible to both temper embrittlement and hydrogen embrittlement. The magnitude of these two types of embrittlement can be decreased significantly by a reduction in the N content; for a reduction from N 100 to '2O ppm, the 4FATT after ageing at 480 °C for 1 000 h decreased from 250 to 137 °C and the KTh after ageing increased from 22 to 40 MN • m-312. A further reduction in embrittlement susceptibility was brought about by an addition of Al; then the 4FATT decreased from 137 to 63 °C and the KTh after ageing increased from 40 to 51 MN • m-312. Both temper and hydrogen embrittlement were reduced still further by the removal of Si and Mn in addition to the above changes in the Al and N contents. As a result, 4FATT was decreased to only 5 °C (heat A) and the KTh after 1 000 h ageing was increased to 110 MN • m-213. The summary of these cumulated actions is shown in Table 7 and Fig. 11 .
From the above considerations and the data of It was difficult to obtain a high percentage intergranular fracture in samples for Auger analysis except for samples of heat D aged at 480 °C for 1 000 h or more, since the low-impurity samples and the shorttime aged samples had low susceptibility to temper embrittlement even after hydrogen was precharged into Auger specimens.
Hence, discussions on the present study are focussed to the mechanism of embrittlement due to impurities and hydrogen with the assistance of ideas on solute interactions in steels using the above results. (4) where X is the atom fraction of an element and 4G is the driving force of a solute for segregation. ~b, B, I, M and S refer to the interface, the bulk, the impurity, the metallic alloying element and the solvent (Fe), respectively. The ci terms in these equations are the binary interaction coefficients defined in the quasi-chemical equation.
Interactions of Solutes in Multicomponent Alloys
It is considered on the right hand side of Eq. (3) or (4) that the first term can be called the McLean term, the second term is the chemical interaction for segregation in a binary regular solution and the third term is the interaction for segregation in a ternary regular solution.
If it is found in this study that Si cosegregated with Mn at grain boundaries; for this interaction we would expect that a' -aMnSi-aMnre-aSiFe~~ ............... (5) or that aMnSi < aMnFe+ asiFe ; this is qualitatively consistent with the published phase diagrams.19~ In Eqs. (3) and (4), the first two terms are small for Fe-Mn-Si system and the third term dominates; then 4Gsi increases with XMn and 4GMn increases with Xsi, so that cosegregation of Si and Mn in this study can be rationalized by the introduction of the Guttmann term. In the same way, an attractive interaction between Ni-Si, Ni-Al and Cr-Si, and a repulsive interaction between Al-Si in steels can be predicted with the assistance of data on stable intermetallic compounds.19~ This prediction is supported by the cosegregation of Ni-Si in a 5 % Ni steel,s~ that of Cr-Si in a 24 Cr-1 Mo steel.23~ Furthermore, the effect of Al addition in the present study on resistance to temper embrittlement and to hydrogen embrittlement after long-time ageing can be rationalized by the blockage of impurities segregation due to the solute interactions between Ni-Al and Al-Si when at least Si is present. It is possible to predict that in a 5 % Ni steel containing high Al, which can partition rapidly in dual-phase steel,9~ Al cosegregates first with Ni due to the high diffusivity of Al and due to an attractive force between Ni-Al followed by site competition with Si because of a repulsive force between Al-Si. Thus, heat C with high Al can prefer the cosegregation of Ni-Al to that of Ni-Si, which is dominant in heats D and E with low Al. The additional hypothesis must be offered that the segregation of Al at grain boundaries is innocuous to embrittlement because of the presence of Ni-Al precipitates. The tendency to form compounds between metalloid and alloying elements in steels is considered to be remarkably useful in the prediction of solute interactions for segregation in practical alloy steels.
Bain20~ reported the tendency to form carbides of various alloying elements in steels as following. (6) where (Fe) indicates the solvent, so that elements on the right hand side of (Fe) cannot form their carbides in steels. However, they should drive C out of the bulk solution to grain boundaries in short-time ageing due to their repulsive forces with C. It is also predicted that substantial segregation of Ni, Al or Si after long-time ageing might decrease the concentration of C at grain boundaries. The repulsive force between Si-C in the Fe-Si-C system was first demonstrated by Darken.21~ This prediction is also supported in the recent studies of partitioning, for instance, on Al and C in A302C steel15~ and in dual- Co, Si and Al cannot form phosphides in steels, so that they, in bulk, might first enhance the segregation of P to grain boundaries due to the repulsive interaction with P and due to the high diffusivity of P. They might lower the concentration of P at grain boundaries later, if they themselves were to segregate, just as shown in Fig. 3 . It is also considered by Eqs. (6) and (7) that Mo can scavenge P and thus prevent the segregation of P at grain boundaries until the precipitation of Mo carbides29~ because of the difference in the orders of Mo in Eqs. (6) and (7) to indicate the affinity with C and P, respectively. However, it is shown by Eq. (7) that Mn, Ni and Cr can promote the cosegregation of P at grain boundaries as also confirmed by the present study, Yu and McMahon,23~ Clayton,24~ and Mulford et a1.27~ It is interesting to note that other elements on the lefthand side of (Fe) in Eq. (7) may not effectively interact with P in steels since they are all combined with C, N, 0 and S due to the strong affinities.
It is well known in the study of the banded structure in stee1s25,2s~ that the microsegregation of P produces the uphill diffusion of C in steels; thus C appears to possess a strong repulsive force with P. It is also supported that the solubility of P in r-iron is decreased by C.28) It appears therefore that the repulsive interaction between C--P might be important in high C steels such as SAE 4340, which showed quite high susceptibility to P segregation in austenite at low bulk P concentration,30~
and that segregation of impurities at grain boundaries in multicomponent alloy steels can be due to the resultant interactions of the attractive forces between Si-Mn, Ni-Si, Ni-Al, Cr-Si, Mn-P, Ni-P, Cr-P and Mo-P, and of the repulsive forces between Al-Si, Si-C, Si-P, Al-P, C-P, Ni-C and Al-C.
Impurity-Hydrogen Interaction and Embrittlement
The interacting effects of impurities and hydrogen can be characterized by the value of KTh which is the lowest stress intensity at which hydrogen-induced cracking can occur at a given temperature and pressure. The following is consistent with the observed phenomena:
Brittle fracture occurs in a transgranular or an intergranular fashion when the local stress in a crystalline solid reaches the cohesive strength of a particular crystallographic plane or an intercrystalline boundary, respectively.
The cohesive strength of an intercrystalline boundary decreases as a function of the concentration of a segregated impurity.
The cohesive strength of a crystalline plane or an intercrystalline boundary also decreases as a function of the local hydrogen concentration.
The equilibrium concentration of hydrogen CH in a stressed lattice is given by the following equation11 The maximum hydrogen enrichment at full constraint can be estimated for steels with various levels of yield strength using Q=2.0 cm3/mol,14) T=300 °K and R=8.32 X 107 erg/mol °K. The enrichment of (975) hydrogen CHICO for the present HY 130 steel (o y= 150 ksi=1.0 X 1010 dyn/cm2) is to be 7.0 in the region of the maximum hydrostatic stress. As shown by Eqs. (8) to (13) the maximum hydrogen enrichment is increased as a exponential function of the yield strength.
Two kinds of synergistic interactions can be considered between impurities and hydrogen. First, the local value of hydrogen concentration Co at a grain boundary could be larger than that in the lattice due to an affinity of hydrogen for segregated impurities at a grain boundary after ageing. This effect was estimated to be about Co/Co= 7.0 by Oriani and Josephic.14) Second, and probably more important, the K10 of alloy steels can be reduced with ageing time. The steels in this study have been considered as the continuum, for stress analysis, but they must actually be considered as composite materials consisting of bulk and grain boundaries after substantial ageing acts to weaken the grain boundaries by impurity segregation. The K10, as well as the FATT, is governed by the weakest fracture path, as at grain boundaries in the embrittled condition, whereas the yield strength and the hardness tend to show the property of the bulk. However, the K10 decreases with ageing time from the value of the bulk to that of the grain boundary. Therefore, the hydrogen concentration at the grain boundaries around the crack tip can be decreased with ageing times as indicated by Eq. (8) . The interaction of impurities and hydrogen can be synergistic and the effect might be moderated at long ageing time by the reduction of hydrogen enrichment due to the decrease in the local stress at weakened grain boundaries just as shown in Fig. 10 . However, we do not yet know the exact stress configuration in the plastic region as a function of Ii when hydrogeninduced cracking occurs in the bulk or at grain boundaries. This uncertainty in stress makes further investigation desirable for studying the interaction of impurities and hydrogen.
The results, however, support the hypothesis that most hydrogen embrittlement occurs from the cooperation of impurities and stress-enriched hydrogen, and that steels can have a high resistance to hydrogen embrittlement in the absence of impurities or in the low concentration of stress-enriched hydrogen. It appears, then, that the extensive development of steels with high resistance to temper and hydrogen embrittlement can be accomplished as follows. 1) Avoid a surplus in the strength of steels. 2) Reduce the concentration of impurities which can segregate to grain boundaries such as P, N, As, Sb and Sn. 3) Reduce the concentration of alloying elements which promote impurities segregation such as Si or which cosegregate with other elements such as Ni, Mn and Cr. 4) Use elements which scavenge P such as Mo and Ca. 5) Use elements which scavenge N such as Al, Zr and Ti. 6) Use elements which compete with Si in segregating at grain boundaries such as Al.
The Brittle Fracture Induced by Hydrogen
In the present material, a number of modes of cracking occurred during testing in hydrogen. Reductions in KTh below ^100 MN • m-312 were associated with increasing amounts of intergranular fracture along prior austenitic grain boundaries. Very little of such intergranular fracture occurred when KTh was above this value. Two types of transgranular brittle fracture were observed in hydrogen-induced cracking as stated before. One is very similar to quasi-cleavage which is seen on { 110} planes in various steels, while the other has jagged fracture surfaces as shown in Photos. 3 (a) • (c) and 3 (b) • (d), respectively. Nakasato et al. 16 ,17~ studied the crystallography of hydrogen-induced cracking by cathodic hydrogen charging. They observed that quasi-cleavage fracture occurred on the slip planes of { 110} .
Electron microscopic observations33~ showed that internal surface of a small hydrogen-induced crack consisted of the zig-zag planes along { 110} and { 112} slip planes.
Further studies by Electron Microscopy31,32) have recently confirmed that hydrogen-induced microvoids are produced along the wall of dislocation cells at kink-band, where slip on main-slip planes is interrupted by secondary-slip planes, and then are extended by the propagation of cracks along slip planes.
The above studies can imply that hydrogen embrittlement of BCC metals is evidently associated with plastic deformation and transgranular brittle fracture in hydrogen is mainly strain controlled on the basis of a lattice decohesion model.
It is consequently understood that indeterminant brittle fracture, which is shown in Photos. 2A(a) V. Conclusions It is found that precipitous temper and hydrogen embrittlement is seen after ageing at 480 °C in the production heat of HY 130 steel and that cosegregated P, N, Si and Mn can be mainly responsible for temper and hydrogen embrittlement.
The subsequent systematic study has proved the above results and has shown that it is possible to make a substantial improvement in temper and hydrogen embrittlement resistance by the control of impurity segregation at the grain boundaries when Si and Mn are removed. It is also shown that an addition of Al is effective in improving temper and hydrogen embrittlement resistance in high Ni steel. The ultimately improved steel shows almost complete resistance to embrittlement induced by ageing and hydrogen when Si and Mn are removed.
It is eventually rationalized through the present study that solute interactions in multicomponent steel are of great importance in considering the mechanism of the above results as well as that of partitioning15~ as summarized below.
(1) Embrittlement in a short-time ageing is mainly caused by the segregation of P or N due to the repulsive forces with Si in bulk.
(2) Embrittlement after a long-time ageing is responsible for Si and Mn which can cosegregate with Ni and Si due to the attractive forces between them, respectively.
(3) The effect of Al on resistance to embrittlement can be brought about because of difference in diffusivities between Al and Si and the attractive force between Ni-Al followed by site competition with Si due to the repulsive force between Ai-Si.
(4) Phosphorus concentration at grain boundaries decreases as the accumulation of segregated Si after a long-time ageing. It can be also due to the repulsive force between Si and P and due to the rapid diffusivity of P.
It is consequently concluded that the concentrations of alloying elements and impurities at grain boundaries are substantially governed not by McLean's equilibrium segregation but by the resultant interactions of attractive forces and repulsive forces between solutes in multicomponent steel.
